Density-functional perturbation theory and Raman spectroscopy are used in the study of vibrations in bulk V 2 VI 3 binary and ternary topological insulators as well as in ultrathin films composed of one and two quintuple layers. Full dispersion curves along the Brillouin zone symmetry directions are calculated and analyzed and the zonecenter Raman active modes are compared to the experimental results. The calculations of the two quintuple layer films reveal modes that correspond to displacements of entire quintuple layer blocks. These modes have low frequencies and are Raman active. The phonon dispersion curves of one and two quintuple layer Bi 2 Se 3 films are compared with recent helium atom scattering experiments [Phys.
I. INTRODUCTION
The binary compounds Bi 2 Se 3 , Bi 2 Te 3 , and Sb 2 Te 3 , and ternary systems Bi 2 Se 2 Te, Bi 2 Se 2 S, Bi 2 Te 2 Se, Bi 2 Te 2 S, Sb 2 Te 2 Se, and Sb 2 Te 3 S are materials with a large range of potential applications. Most of them are classified as topological insulators that exhibit an insulating narrow gap in the bulk. When the three-dimensional (3D) symmetry is broken these materials behave as metals in the surface region characterized by a single electronic surface state that has a Dirac-like dispersion around the surface Brillouin zone center (¯ point). This surface state is topologically protected against back scattering and arises due to strong spin-orbit coupling. The electronic properties of the binary compounds have been thoroughly investigated over the recent years both experimentally [1] [2] [3] [4] and theoretically, [5] [6] [7] [8] [9] [10] while the ternary compounds have been studied more sparsely. [11] [12] [13] [14] The composition of the ternary compounds we study is characterized by a substitution of one atom in the binary compound by a different atom such as Se, Te, or S. As of this moment only the composition of Bi 2 Se 2 S 13, 15 has failed to show any character of topologically protected surface state.
The large interest in the topological materials resides not only in fundamental research but also in the promising properties of these materials for future applications. Possible applications have been mentioned to be within spintronics, quantum computing, magnetic memories, and thermoelectric materials. 16, 17 The binary compounds Bi 2 Se 3 , Bi 2 Te 3 , and Sb 2 Te 3 have proved to be excellent thermoelectric materials and the thermoelectric performance has been attributed to the details of the narrow gap electronic structure combined with low lattice thermal conductivity. It remains unclear if the ternary compounds would perform as well as the binary compounds since the thermoelectric properties of these compounds have not been measured or reported. For optimal thermoelectric figure of merit (ZT), materials require a large thermopower, high electric conductivity, and low thermal conductivity. With this purpose in mind thin films are most suitable and widely used materials in thermoelectric devices. Growth of thin films is done by several techniques such as the vapor-liquid-solid process, 18 molecular beam epitaxy, 19 and mechanical exfoliation 20, 21 of thin sheets from bulk crystals and vapor-phase deposition by van der Waals epitaxy. 22 Vibrational properties of bulk and thin film compounds are widely studied by Raman spectroscopy. For Bi 2 has previously been evaluated for both bulk and/or thin film structures. However, there are no studies of the vibrational properties based on first-principles calculations for binary compounds except for bulk Sb 2 Te 3 . 31 In addition, we are not aware of any study of vibrational properties of the ternary compounds.
This paper is organized in the following. In Secs. II and III we address the technical aspects regarding sample growth of binary and ternary compounds, the setup for Raman spectroscopy and the calculation details of vibrational properties. In Sec. IV we show and analyze our experimental and computational results. The main focus will be on the zone-center Raman active phonon modes for the bulk binary and ternary compounds. In the second part of Sec. IV we present the calculation results of vibrational properties for binary and ternary thin films, while the last part of this section will include comparison of the surface phonon modes of Bi 2 Se 3 with recent HAS experiments. Finally, in Sec. V the conclusions are drawn.
II. EXPERIMENTAL DETAILS
Single crystals of V 2 VI 3−x VI x (V = Bi, Sb; VI = Se, Te, S) were prepared from elementary Bi, Sb, Te, Se, and S of 99.999% purity. 32 Prior to pulling the ampoules were heated to 70
• C above the melting point for a half a day homogenization. Melting temperatures for Bi 2 Se 2 Te and Bi 2 Te 2 Se were considered to be 665
• C and 625
• C, correspondingly. After pulling the ampoules through the vertical temperature gradient ∼15
• C/cm with a rate of 10 mm/day the furnace was switched off. The resulted ingots 10 cm in length consisted of one or several large single crystalline blocks.
Raman spectra were measured in a Jobin Yvon T64000 spectrometer (micro-Raman, in the 20-1000 cm −1 Raman shift range, with a spot size of ∼30 μm and spectral resolution of about ∼1.5 cm −1 ). In all cases, Raman spectra were recorded at room temperature in a backscattering geometry using a 514.5-nm line of an Ar + laser with polarized incident light and with analyzer of scattered light. "Parallel" polarization geometry (the polarization of scattered light was parallel to the polarization of incident light (VV)) and "perpendicular" polarization geometry [the polarization of scattered light was perpendicular to the polarization of incident light (UV)] were used. All spectra were recorded at low power levels P < 3 mW in order to avoid local heating by the laser spot. The active Raman modes in V 2 VI 3 materials are observed with frequencies in the 20-200 cm −1 range in which peaks associated with the rotational and vibrational modes of the nitrogen and oxygen molecules in air are present. These additional peaks originating from the airborne nitrogen and oxygen molecules were subtracted from the resulting spectra of the V 2 VI 3 materials by recording the spectra from bulk silicon in the corresponding geometry (VV and UV). The silicon wafer is suitable as a reference since there are no Raman peaks detected in the 20-200 cm −1 range.
III. COMPUTATIONAL DETAILS
The first-principles calculations were performed with the total energy, plane-wave code within the QUANTUM-ESPRESSO 33 (QE) package which is based on the densityfunctional theory (DFT) and density-functional perturbation theory (DFPT). We adopt scalar relativistic ultrasoft pseudopotentials generated with the Rappe-Rabe-Kaxiras-Joannopoulos recipe 34, 35 and either the local density approximation 36 (LDA) or the general gradient approximation 37 (GGA) for the exchange and correlation energy. The electronic wave functions were expanded in plane waves with an energy cutoff of 35 Ry while for the effective potential and the charge density the energy cutoff has been taken equal to 500 Ry. The integration over the Brillouin zone is carried out over a (9 × 9 × 9) and a (12 × 12 × 1) k-point grid of the Monkhorst-Pack division for the bulk structures and for the thin films, respectively. All calculations were performed for fully optimized internal structure and lattice parameters.
The family class of V 2 VI 3 materials form a rhombohedral layered lattice (see Fig. 1 ) in which the unit cell contains building blocks of quintuple layers (QLs) in the following sequence,
where [VI] is the beginning of the adjacent QL. One unit cell with rhombohedral crystal symmetry (D 5 3d symmetry and space group R3m) comprises three QLs. The optimized bulk lattice parameters and the internal structures are summarized in Table I together with available experimental values. In most of the cases the optimized lattice parameters are very close to the experimental values, within 1%-2%. The quintuple layer (QL) thin films were constructed from the optimized bulk terminated structure. One and two QLs are constructed by slabs including vacuum separating adjacent surfaces. The vacuum intervals are set to 16Å along the z direction. The atomic structure of bulk materials and QLs were optimized until the forces acting on each atom were less then 0.25 meV/Å. The dynamical properties of the bulk structures and the QLs were calculated by evaluating the dynamical matrices over a (4 × 4 × 4) and a (6 × 6 × 1) mesh of q point, respectively.
The calculation of phonon dispersion curves is carried out without the inclusion of the spin-orbit coupling. For several other properties of the topological insulator materials Table I. the spin-orbit interaction is crucial, for example, electronic properties. However, as it turns out the spin-orbit interaction is less important in describing the vibrational properties of the compounds. We have carried out tests where the phonon dispersion curves have been calculated with and without the inclusion of spin-orbit interaction with the result of only small changes in the phonon frequencies yet the characters of the phonon branches are preserved. In this paper the results of one QL of Bi 2 Se 3 including SO interaction will be addressed.
IV. RESULTS

Dynamical properties of bulk structures
The Raman spectra of the V 2 VI 3 materials recorded in the two polarized scattering geometries and fixed power levels are shown in Figs. 2 and 3 and the phonon dispersion curves calculated along the main symmetry directions are presented in Fig. 4 . Both the calculated and experimental Raman active modes in the point are summarized in Table II. Phonons at the point are classified according to the irreducible representation of the point group D 5 3d as
(1)
Two E u and one A 2u are acoustic modes. The displacement patterns of the corresponding -point modes are shown in Fig. 5 in their primitive cell representation. The modes which display a dipole moment (u modes) couple to the inner macroscopic longitudinal electric field which shifts the LO phonon frequencies. The macroscopic field contribution to the dynamical matrix introduces an angular dispersion of the phonons at the point, that is, the limit of the phonon bands ω(q) for q → 0 depends on the angle formed by q with the optical axis. According to the classification of the -point modes, 15 Figure 2 shows that in the case of Te replacement by Se or S, the phonon peaks exhibit blue shift as expected, but the value of the shift is different for the three modes. The low and high frequency A 1g modes have a distinct behavior and value of the shift with the change of composition. Note that for the Sb-based ternary crystals an agreement with theory is worse than for the Bi-based materials and can be explained by the more defected structure of the bulk Sb-based ternary compounds.
In Fig. 4 the phonon dispersion curves are characterized by three acoustic modes that in most of the cases involve mainly Bi/Sb atoms in their displacements. In the direction Z − the three low energy phonon modes correspond to two degenerate E u modes and one A 2u mode. The frequencies of these modes (Fig. 4) around the F point.
The second Raman active mode A 1 1g is shown in Fig. 5 (b) where the atoms are displaced towards each other along the trigonal axis and the middle atom within the QLs being at rest. The ordering of the frequency for the A 1 1g mode is found to be the same as that of the E 1 g mode. The same ordering of the frequency is found for the ternary compounds as well.
When the binary compound of Bi 2 Te 3 is compared to its ternary derivatives, Bi 2 Te 2 Se and Bi 2 Te 2 S, one notices that the frequency for the Bi 2 Te 3 is larger than for the ternary ones. Our explanation for this, which is applied as well for the other compounds, is that the Bi-Te layers in the bulk QLs is more decoupled from the Te middle layer in the QLs while the internal bond length between Bi-Te is somewhat shorter than in the ternary compounds. In comparison with the E g mode followed by the second lowest that corresponds to Sb 2 Te 3 and finally Bi 2 Se 3 , which has the highest frequency. The difference in the order compared to the former described modes can be partially understood by examining the displacement field of the mode [ Fig. 5(e) Throughout the BZ the mode acquires some dispersion as well as some interaction with other modes.
Dynamical properties of one QL
Phonon dispersion curves for one quintuple layer of the binary and ternary compounds have been calculated and the results are presented in Fig. 6 . For one QL of Bi 2 Se 3 also the spin-orbit interaction has been taken into account. A summary of the Raman active modes at the surface Brillouin zone¯ point is presented in Table III . Overall the Raman active modes of the QLs are close to the calculated bulk Raman modes. The E 1 g mode becomes somewhat softer for certain compounds while for others it becomes stiffer, however, the shift in the E 1g mode shifts to higher frequencies. The dispersion curves of one QL look very similar to each other. The ternary compounds that include S atoms in the middle of the QL exhibit the highest phonon frequency maxima and in the case of Bi 2 Te 2 S there is a clear demarcation between the three topmost phonon branches and the remaining phonon branches. These branches correspond to pure S vibrations, namely one with longitudinal (L), one shear-vertical (SV), and one shear-horizontal (SH) polarization, respectively.
The Rayleigh mode for single crystal surfaces in general has the largest amplitude on the topmost atomic layer and the polarization is shear vertical. However, it is found that for layered compounds such as Bi 2 Se 3 and other compositions studied the Rayleigh mode is confined to the second layer of the ultrathin film surface. The only exception is for one QL of Sb 2 Te 3 where the shear-vertical mode has Sb displacements in the vicinity of the¯ point and towards theM point the lowest mode acquires Te displacements. One would expect a similar behavior also for the QLs of Sb 2 Te 2 Se and Sb 2 Te 2 S where the lowest mode now has purely antimony SV character, that is, second atomic layer displacements. This behavior is also seen in the Bi 2 Se 3 QL and will be analyzed in detail below.
One QL of Bi 2 Se 3
The dynamical properties of one QL of Bi 2 Se 3 were calculated with and without the inclusion of spin-orbit interaction. The phonon dispersions are shown in Fig. 6 where the scalar relativistic results are shown as dashed lines and the fully relativistic results as solid lines, respectively.
In general, the inclusion of spin-orbit interaction results in a rigid shift of the phonon bands to lower energies. However, the softening is larger for the high-energy phonon branches at about 10 meV and up to maximum phonon energy while for the lower energy phonon branches the softening is less pronounced. The largest shift in the branches amounts to the order of ∼1 meV. The constant shift of the upper branches originates from the somewhat extended separation between the topmost Se layer and the underlying Bi layer for the calculations including the spin-orbit interaction, while for the lower phonon branches where the energy shift is less pronounced, the difference in the interlayer spacing between Bi and the inner Se layer is much smaller. It is worth noting that a similar effect of spin-orbit interaction, namely a decrease of frequencies when spin-orbit interaction is included has also been reported for pristine bulk Pb 43 and Bi 44 as well as for BiTeCl and BiTeI compounds. 45 For a closer analysis we present in Fig. 7 the polarization and layer projected phonon density of states (Ph-DOS) for a QL where SO interaction is not included. The Ph-DOS for a QL with the inclusion of SO interaction is basically identical and is not shown. The QL slab is constructed in such a way that it has inversion symmetry with respect to the central layer and thus we display only the Ph-DOS corresponding to the two uppermost atomic layers and the center layer. The Ph-DOS are shown for all possible polarizations indicated in the figure as SV i , L i , and SH i , where i = 1,2,3 corresponds to projection onto the corresponding atomic layer.
In Fig. 7 , we see an intense nondegenerate optical phonon mode, SV 1 , belonging to the topmost Se layer; the mode has the highest phonon energy within the surface Brillouin zone (SBZ) compared to any other phonon modes. It is nondegenerate for the most part of the SBZ due to interaction through the QL between modes that belong to the opposite surface of the slab. At¯ the mode has an energy of 22.4 meV. Around the¯ point the displacement field of the mode incorporates all the layers within the QL as seen in the figure (SV 1 , SV 2 , and SV 3 ), although it has the strongest intensity in the topmost layer. At and around the SBZK point this mode becomes degenerate with the second layer mode that is longitudinal in character (L 2 ). Figure 7 also shows several other modes that have a coupling to the topmost Se layer. These modes are lower in energy and are distributed over several atomic layers. One such mode is the 8.2-meV mode at¯ which involves the displacement of the topmost Se layer (SV 1 ) and as well the underlying Bi layer (SV 2 ). This mode persists about halfway from the¯ toM and halfway from¯ toK before an avoided crossing and hybridization with other modes takes place.
The acoustic modes of the QL are ordered as follows from the lowest to the highest energy along the SBZ symmetry directions. The SV mode has strongest intensity in the second atomic layer and with an energy of 4.6 meV at theM point and 5.4 meV at theK point. With the second lowest energy of the acoustic modes is an SH mode that as well as the SV mode has the highest intensity in the Bi layer (i.e., SH 2 ). The energy of the mode at high symmetry points of the SBZ are 5.6 meV (M point) and 8.0 meV (K point), respectively. The third acoustic mode is the one with L character. The mode has strongest intensity on the Bi layer (L 2 ) and some intensity on the Se layers (L 1 and L 3 ). Along the¯ -M and¯ -K directions the L acoustic mode encounters an avoided crossing with another L mode that is an optical mode. After the avoided crossing the mode persists up to theM point (10.5 meV) where it hybridizes with an SV mode and acquires some intensity in the first layer (SV 1 ). The evolution of the mode is very similar to that of the longitudinal resonance of the Cu(111) surface. 46, 47 The mentioned L optical mode undergoes a very similar scenario as described above. In the¯ point where the mode forms a degenerate pair with a shear-horizontal mode the mode has an energy of 5.8 meV and at theM point 8.6 meV. In addition we find other modes that have L i and SH i polarization and are degenerate at the¯ point; namely the L 1 and L 3 modes form degenerate pairs with SH 1 and SH 3 at 16.7 meV and 11.0 meV, respectively.
Dynamical properties of two QLs
In Fig. 8 we present the calculated phonon dispersion curves for two QLs. The phonon dispersion curves for the two QLs are very similar to the dispersion curves for the one QL, except that in the case of the two QLs we now have additional modes due to the increased number of atoms. In regard to the Raman active modes described in the above sections one can see that there is not much difference between one QL and two QLs and the frequencies of the modes can be directly compared with those corresponding to one QL.
However, there are some modes and features that arise due to the effect of including an additional QL. These additional phonon modes are illustrated in Fig. 9 for two QLs of Sb 2 Te 3 . In Fig. 9(a) second mode illustrated in Fig. 9 In a very recent letter 27 experimental elastic and inelastic helium atom scattering (HAS) results were reported for the (001) surface of Bi 2 Se 3 together with calculations based on the phenomenological pseudocharge model. 48 The HAS results together with the calculations reported on a strong Kohn anomaly showing up in the phonon dispersion curves as a strong dip at about 0.2Å −1 from the¯ point. In addition, HAS surface phonon dispersion curves along the SBZ were reported. The He atoms are scattered by the phonon induced charge density oscillations at about 2-3Å outside the surface which makes HAS experiments very sensitive to changes in the surface charge and one can be assured that the reported scattering intensities are surface phonon modes. In this section we will not attempt to describe the reported Kohn anomaly but we will address the similarities between our first-principles calculations for the ultrathin Bi 2 Se 3 QLs and the reported HAS phonon dispersion curves.
As previously reported, 46, 47, 49 HAS can detect surface modes and surface resonances as well as phonon modes that belong to deeper layers that give rise to induced charge density oscillations in the region of the He atom turning point. With that in mind, we present in Fig. 10 the Ph-DOS projected onto the first and second layer with L or SV polarizations together with the extracted experimental results. As described in the above sections, surface modes that correspond to the topmost Se layer belong mostly to the top part of the phonon energy spectra although there are some signatures in the lower part of the energy spectra where most of the phonon branches have strong signature of the bismuth layer. It is fair to say that most of the HAS data points correspond to phonon branches that lie in the second layer, for example, bismuth layer. In the figure the experimental data look very scattered at shorter wavelengths while towards the high symmetry points the data becomes more coherent which makes easier the comparison with our calculations. The data points in the lower energy part seem to follow nicely the longitudinal acoustic phonon mode up to about midway along the¯ -M direction where the continuation of this mode has SV character in the second layer (SV 2 ). While in the¯ -K direction the data points can be referred to either the longitudinal acoustic mode or the longitudinal optic mode and close to theK point the mode transforms into an SV 2 character. In general we see that most of the calculated modes in this paper have somewhat lower energy than the reported experimental data. This might be due to the fact that we analyze an ultrathin film consisting of only two QLs whereas the HAS experiments are performed on a semi-infinite surface. Bearing that in mind, several data points towards theM point can be assigned. In the¯ -K direction we have the longitudinal mode (L 2 ) that undergoes an avoided crossing with the L 2 optical mode. The natural continuation for the acoustic mode follows that of the SV 2 mode towards theM point. On the other hand the acoustic L 2 mode reappears after the avoided crossing with the optical L 2 mode and at theM point it has an energy of 10.4 meV. The data points follow both the described branches rather well.
V. CONCLUSIONS
Raman spectroscopy and density-functional perturbation theory calculations have been applied to study the vibrational properties of binary and ternary V 2 VI 3 compounds that are classified as topological insulators. The overall agreement between theory and experiments is very good and from theory we are able to identify, analyze, and characterize the experimentally detected Raman active modes. The dispersion curves of several Raman active modes within the Brillouin zone show a rather flat dispersion. Phonon modes of the ternary compounds that include sulfur in the composition experience the highest phonon energy within the Brillouin zone. Sb 2 Te 2 S have the highest maximum phonon energy while Bi 2 Te 3 have the lowest maximum phonon energy. The phonon dispersion curves of ultrathin films (one and two QLs) of the binary and ternary compounds were calculated as well. For one QL of Bi 2 Se 3 we show that the inclusion of spin-orbit interaction has little influence on the phonon frequencies and the character of the phonon modes are preserved. When more than one QL is taken into account new modes appear that are originating from displacements of entire QL blocks. One can expect a series of new modes as the number of QL blocks taken into account increases.
Despite the fact two QLs of Bi 2 Se 3 still form an insulator, it is interesting to compare the present results with the recent inelastic He atom scattering data for the semiinfinite crystal, which is metallic with a Dirac cone at¯ . HAS, unlike electron energy loss spectroscopy, can probe phonons localized on deep layers beneath the surface via the electron-phonon coupling. 46, 47, 49, 50 Indeed the comparison of Zhu et al. HAS data, reproduced in Fig. 10 , with the calculated phonon densities of L and SV polarizations projected onto the first (Se) and second (Bi) layers, clearly shows that the RW has the largest amplitude in the second layer (SV 2 ). In addition, the mode at 5.5 meV (¯ point), which in HAS data is indicated as anomalous, shows in the calculation the largest amplitude in the second layer (L 2 ) along¯ -K. The large RW amplitude on the second layer is also found in Sb(111) 51 and Bi(111). 
